Antimony-doped tin oxide (ATO) nanoceramics used for sputtering targets are successfully prepared by spark plasma sintering (SPS) technology using commercial ATO nanoparticles with particle size of 10-15 nm. The effect of sintering temperature on the microstructure and electrical property of the obtained ATO nanoceramics is investigated. By means of XPS, the Sb 5+ /Sb 3+ ratio of ATO nanoceramics sintered at different temperatures is determined. The results suggest that when the sintering temperature is 1000
Introduction
Transparent conductive oxides (frequently abbreviated TCO), such as indium-doped tin oxide (ITO), aluminum-doped zinc oxide (AZO) and antimony-doped tin oxide (ATO), are widely used in numerous applications including heatable glazing and transparent electrodes for displays and solar cells [1, 2] . Now, ITO thin films are the most widely used TCO materials because of their extremely high conductivity and transparency. But the limited and toxic resource of indium restricts the application of ITO [3] . Therefore, replacement materials for ITO are necessary. Recently, ATO has attracted increasing attention due to its superior properties, such as elevated visible light transmittance, high electrical conductivity, good chemical and thermal stability, low cost, and nontoxic [4, 5] . Several processing technologies have been developed for preparation of ATO thin films, such as sol-gel [5] [6] [7] , magnetron sputtering [1, 4, 8, 9] , spray pyrolysis [2, 10] , and pulsed laser deposition [11] . Among them, magnetron sputtering is one of the most widely used methods in industry for coating large area substrates at a high rate with competitive costs [12] . In order to get high quality ATO thin films, ATO ceramics with high density and purity are needed.
For the preparation of ATO targets, Nisiro et al. [13] reported that fully dense electron conductive SnO 2 -based ceramics with the composition of SnO 2 + 2 wt.% CuO + 2 wt.% Sb 2 O 3 were sintered at 1200 • C for 1-3 h, suggesting that the electrical resistivity was related to the microstructural features, especially to the oxidation state and position of the dopant cations. Uematsu et al. [14] prepared ATO powders by pressureless sintering at 1400 • C and hot isostatic pressing (HIP) at 1300 • C and found that the samples using HIP sintering have higher density and lower resistivity (10 −2 cm). Scarlat et al. [15] compared the ATO ceramics sintered by conventional sintering and field-activated sintering techniques (FAST). They found that ATO ceramics prepared by FAST at 890 • C for 10 min showed enhanced relative density (92.4%) than ATO ceramics prepared by conventional sintering at 1000 • C for 3 h (61.3%). They also found that the enhanced density provided wide conduction path of the charge carriers and enhanced electrical conductivity due to the absence of open pores which might act as obstacles. Zhang et al. [16] used spark plasma sintering (SPS) technique to fabricate ATO ceramics with high density of 97.4% and low resistivity of 2.2 × 10 −4 cm at 850 • C using monodispersed ATO nanoparticles synthesized by hydrothermal method. From the above studies, it is known that preparation of ATO ceramics with high density and high electrical conductivity is always research interests, but there are still two main problems existing. Firstly, the densification of ATO powders is difficult due to the nondensifying mechanisms (surface diffusion and evaporation-condensation). Usually, sintering additives (Co 3 O 4 , CuO, MnO 2 , ZnO) [17] [18] [19] are used to enhance the sintering behavior in pressureless sintering, but the secondary phases formed in these cases adversely affect the electrical conductivity. Secondly, it is very difficult to control the electrical conductivity of the ATO ceramics. It can be concluded that there are many factors influencing the conductivity such as solid solubility, density, microstructure features and even oxidation state of Sb. In order to solve these problems, ATO nanoparticles are selected as the starting materials, because ATO nanoparticles with the high activation energy can provide fast densification kinetics. Moreover, SPS has the potential to obtain full density of materials at low temperature and the spark discharge could activate the particles to improve densification [20] [21] [22] [23] [24] .
In the present work, we use commercial ATO nanoparticles and SPS technique to enhance the densification and purity of ATO nanoceramic sputtering targets. The accurate control of sintering process parameters, such as sintering temperature, holding time, heating rate and uniaxial pressure, the Sb 5+ /Sb 3+ ratio and microstructure features in ATO polycrystalline nanoceramics can be optimized, which are responsible for the improvement of conductivity. So, the effect of sintering temperature on the density, microstructure, resistivity, Sb 5+ /Sb 3+ ratio of ATO nanoceramics is investigated.
Materials and methods

Starting materials
Commercial ATO nanoparticles (Huzheng Nanotechnology Co.) were used as starting materials without further treatment. The main physical-chemistry characteristics were reported by the manufacturer as follows: Sb 2 O 3 /SnO 2 = 10/90 (mol%); purity ≥ 99.95%; specific surface area = 45-75 m 2 /g; apparent density = 1.01 g/cm 3 ; average particle size = 10-15 nm. The TEM micrographs of commercial ATO nanoparticles are given in Fig. 1 .
Preparation of ATO nanoceramics by SPS
The SPS system (SPS-1050, Sumitomo Coal Mining Co., Yokohama, Japan) was used in the present investigation. The ATO nanoparticles were loaded in a 20 mm inner diameter graphite die, and then the die was transferred into the SPS machine. The pulses pattern was kept constant and consisted on two pulses of 12 ms long, followed by pause duration of 2 ms. The applied uniaxial pressure was 40 MPa from the beginning of the heating step to the duration time, then it was unloaded to 0 MPa during the cooling step. All samples were heated at the rate of 100 • C/min and dwell durations up to 3 min in vacuum (∼20 Pa). Sintering temperature was set at 900, 930, 950, 980, 1000, 1050 • C, respectively. After the dwell, all samples were cooled to room temperature naturally.
Characterization
The phase structures of the ATO nanoparticles and sintered ceramics were investigated by c with Cu K␣ radiation. The sample was scanned from 25 • to 70 • (2Â) in steps of 0.05 • . The crystallite domain sizes (D) were examined from XRD peaks based on the Scherrer's equation: D = 0.9 /( W cos Â), where is the wavelength of X-ray ( = 0.15418 nm), Â is the Bragg's diffraction angle, and W is the true half-peak width of the X-ray diffraction lines. The microstructures of the ATO nanoparticles and sintered ceramics were observed in field emission scanning electron microscope (Hitachi S-4800, Hitachi Ltd., Tokyo, Japan) and transmission electron microscope (JEM-2100F STEM/EDS, JEOL Ltd., Tokyo, Japan). The oxidation states of Sb were determined by X-ray photoelectron spectroscopy (VG Multilab 2000, VG Co., England). During XPS analysis, Mg/Al double anode X-ray was used as excitation source. The density of the ATO ceramics was tested by the Archimedes method in water. Sintered ceramic samples were processed into 10 mm × 10 mm × 0.5 mm for measurement of resistivity by the Hall measurement made with Van der Pauw techniques at room temperature.
Results
3.1.
Effect of the sintering temperature on the phase compositions, microstructure evolution and densification of ATO nanoceramics Fig. 2 shows XRD patterns of ATO nanoceramics sintered at the temperature of 900-1000 • C. The ATO nanoceramics sintered at 1050 • C decompose completely, which is caused by the SnO 2 reacting with graphite to generate Sn [22] . In Fig. 2 , it can be seen that all diffraction peaks are in agreement with the reflection of cassiterite SnO 2 (JCPDS Card No. 88-2348). No other peak exists, indicating that antimony is cooperated into the tin oxide lattice to form the ATO solid solution. It is also seen that XRD spectra are weak and peaks are broadened, indicating the nanosized crystalline nature of the obtained ATO ceramics. The mean grain size (D) of the ATO nanoceramics is calculated by using the Scherrer's equation. In Fig. 1 , it shows that with the increase of sintering temperature, the mean grain size is increased from 27.8 nm at 900 • C to 49.8 nm at 930 • C, then further increased to 77 nm at 1000 • C. Fig. 3 shows the cross-section images of SEM micrographs for ATO nanoceramics sintered at different temperatures. It is observed in Fig. 3(a) at sintering temperature of 900 • C, the grain size of the sintered ATO nanoceramics is 30 nm, and a large number of voids are distributed between the grains, indicating a poor sintering behavior. When the sintering temperature increases to 950 • C, Fig. 3(b) , the grains grow up to 50 nm, but a partial connection among the grains observed from the grain boundaries also suggests • C (b), 930
• C (e), and 1000
that the sintering is not complete. When the sintering temperature reaches 1000 • C, the grain size is 80 nm and grains are closely connected with fewer voids, as shown in Fig. 3(c) . These results are similar to the grain size calculated by Scherrer's equation. The 1000 • C as-sintered ATO ceramics consists of uniform and nanosized grains. Fig. 4 shows the relative density of ATO nanoceramics sintered at the temperature of 900, 930, 950, 980, 1000 • C. This shows that with the increase of the sintering temperature, the relative density of ATO nanoceramics is increased, which can be confirmed by the results of SEM images. When the sintering temperature is exceeding 950 • C, the relative density of the obtained ATO nanoceramics is higher than 92%. When the sintering temperature is 1000 • C, the relative density reaches the highest value, 97.2%.
Effect of the sintering temperature on the electrical conductivity properties of ATO nanoceramics
The electrical conductivity values are calculated from the electrical resistivity measurements determined by the sintered Fig. 3 . Cross-section images of SEM micrographs for ATO nanoceramics sintered at different temperatures: (a) 900
• C, (b) 950
• C, and (c) 1000
• C. ATO nanoceramics. Fig. 5 shows the variation of resistivity ( ), carrier concentration (n) and hall mobility ( ) for ATO nanoceramics against sintering temperature. With the increase of the sintering temperature from 900 • C to 1000 • C, ATO nanoceramics show a gradual decrease in the resistivity. This behavior is attributed to the increase of both carrier concentration and hall mobility as shown in Fig. 5 . The lowest resistivity is about 7.9 × 10 −2 cm for the sample sintered at 1000 • C. Meanwhile, the highest carrier concentration and hall mobility are 3.336 × 10 20 cm −3 and 0.235 cm 2 /(V s), respectively.
Discussion
Although some researchers have reported the enhanced properties of SPS prepared SnO 2 -based ceramics, the density obtained by Park et al. [20] is around 95% and is 92.4% by Scarlat et al. [15] , which are lower than our results obtained at 1000 • C. Fig. 6 shows the TEM micrographs of the ATO nanoceramics sintered at 1000 • C. It can be seen clearly that the particles are bonded well with a grain size of 50-100 nm. The grain boundaries are narrow and clean with no liquid phase or impurities. The clean grain boundaries suggest that the pulsed electrical current creates favorable conditions for removing impurities and activation of powder particle surfaces, which enable enhanced particle bonding during early sintering stages. The nanosized particles of ATO ceramic may due to the ATO nanoparticles and quick sintering rate of SPS. Thus, the high density of ATO nanoceramics attribute to the high activation energy of ATO nanoparticles used in this work and surface "cleaning" caused by SPS spark.
The relationship between resistivity, carrier concentration (n) and hall mobility ( ) can be concluded by the equation below:
Here e is a constant of electron charge (e = 1.602 × 10 −19 C), n is mainly determined by the Sb content and Sb oxidation state, the effect of the oxidation state of Sb, and is determined by the microstructure, grain boundaries and impurities.
It can be seen from Fig. 5 that hall mobility does not change much while carrier concentration increases with the increasing of temperature. When the temperature is up to 1000 • C, the carrier concentration is as high as 3.336 × 10 20 cm −3 . Because of the clean grain boundaries based on SPS sintering, hall mobility is almost consistent and electrical resistivity is dependent, to a large extent, on the antimony content and its oxidation state in the tin oxide lattice. In ATO nanoceramics, Sb is in two different oxidation states, Sb 5+ and Sb 3+ . Sb 5+ substituted for Sn 4+ acts as donors and creates electrons, while Sb 3+ acts as acceptors and compensates the donor levels. In the Sb doped SnO 2 lattice, the substitution of Sb ions takes place as the following two reactions [24] :
In order to further elucidate the variation of Sb 5+ /Sb 3+ ratio, we investigated the properties of ATO nanoceramics by XPS. Because of overlapping of O 1s and Sb 3d 5/2 peaks making the analysis harder, the Sb 3d 3/2 peak is used for determining Sb 5+ /Sb 3+ ratio [25] . Fig. 7 shows the XPS spectra of Sb 3d 3/2 core peaks for ATO nanoceramics sintered at different temperatures. The ratio of Sb 5+ /Sb 3+ calculated by the peak area ratio is increased with the increase of the sintering temperature. In Fig. 7 , the position of Sb 3d 3/2 shifts from 539.68 eV at 900 • C to 539.84 eV at 1000 • C, which means that Sb 5+ amount is increased. It is indicated that the two oxidation states Sb 3+ and Sb 5+ both exist at 900-1000 • C, with the predominant of Sb 5+ for high temperatures and Sb 3+ for low temperatures. Fig. 6 . TEM micrographs of the ATO nanoceramics sintered at 1000
• C. • C, and (c) 1000
As discussed above, Sb 5+ creates electrons while Sb 3+ compensates the donor levels. Therefore, a high Sb 5+ content suggests a high volume content of the electrical carriers, contributing to an enhanced carrier concentration. Therefore, the lowest resistivity of 7.9 × 10 −2 cm is achieved at the sintering temperature of 1000 • C when the ratio of Sb 5+ /Sb 3+ increases to 66.9/33.1%. Compared to electrical conductivity obtained by Scarlat et al. [15] (7.2 × 10 −2 cm) and Zhang et al. [16] (2.2 × 10 −4 cm), the electrical conductivity obtained in the present paper is still not very high due to the nanoscaled grains of the ATO ceramics. In our later work, we will focus on methods to further improve the electrical conductivity of ATO ceramics while at the same time to keep their high density.
Conclusions
ATO nanoceramics with high purity and high density were prepared from the commercial ATO nanoparticles by SPS. With the increase of the sintering temperature, the relative density of ATO nanoceramics is increased and reaches a high value of 97.2% at 1000 • C. The ATO nanoceramic sintered at 1000 • C shows nanoscaled grains and clean grain boundaries. On the other hand, with the increase of the sintering temperature from 900 • C to 1000 • C, ATO nanoceramics show a gradual decrease in the resistivity. The low resistivity exists as 7.9 × 10 −2 cm when the temperature is 1000 • C, and is closely correlated with the high carrier concentration caused by the predominant of Sb 5+ at high temperatures.
